A growing body of animal research suggests that neurons represent information not only in terms of their firing rates but also by varying the timing of spikes relative to neuronal oscillations. Although researchers have argued that this temporal coding is critical in human memory and perception, no supporting data from humans have been reported. This study provides the first analysis of the temporal relationship between brain oscillations and single-neuron activity in humans. Recording from 1924 neurons, we find that neuronal activity in various brain regions increases at specific phases of brain oscillations. Neurons in widespread brain regions were phase locked to oscillations in the theta-(4 -8 Hz) and gamma-(30 -90 Hz) frequency bands. In hippocampus, phase locking was prevalent in the delta-(1-4 Hz) and gamma-frequency bands. Individual neurons were phase locked to various phases of theta and delta oscillations, but they only were active at the trough of gamma oscillations. These findings provide support for the temporal-coding hypothesis in humans. Specifically, they indicate that theta and delta oscillations facilitate phase coding and that gamma oscillations help to decode combinations of simultaneously active neurons.
Introduction
Many recent neurobiological theories of human memory and perception rely critically on brain oscillations to coordinate the timing of neuronal spiking. For example, Buzsáki (2005) proposed a theory of episodic memory in which theta oscillations (4 -8 Hz) act as a timing signal to ensure that neurons representing related stimuli spike nearby each other in time. In addition, other researchers have suggested memory models that rely on theta for different functions such as separating the memoryencoding and the memory-retrieval processes (Hasselmo et al., 2002) or maintaining stimuli representations in working memory (Lisman and Idiart, 1995) . In addition to theta, gamma oscillations (30 -90 Hz) play a role in a different set of models in which they bind together sets of neurons to represent complex stimuli (for review, see Fries, 2005) .
The experimental data supporting these theories come from simultaneous recordings of neuronal spiking and local-field potentials (LFPs) in animals. For example, the discovery that some rodent hippocampal neurons spike at different phases of the theta oscillation depending on the animal's behavioral state or spatial location suggested that theta may be a general mechanism for phase coding (Fox et al., 1986; O'Keefe and Recce, 1993) . There is also considerable evidence for the role of gamma oscillations in animal cognition and behavior. For example, in olfactory and visual cortices, the amplitude and synchrony of gamma oscillations indicates properties of external stimuli (Freeman and Schneider, 1982; Gray et al., 1989) . Furthermore, recent research indicates that gamma oscillations play a role in cognitive behaviors such as maintaining stimuli representations in working memory (Pesaran et al., 2002) and selectively attending to one visual stimulus in a crowded scene (Fries et al., 2001) . Although excitatory and inhibitory neurons spike at different phases of the gamma oscillation (Eeckman and Freeman, 1990; Csicsvari et al., 2003) , there are no reports of gamma-band phase coding in which a single neuron would spike at different phases of gamma according to behavior.
Consistent with these striking observations of brain oscillations in animals, there is now a large body of work demonstrating functional correlates of theta and gamma oscillations in the human brain (for review, see Kahana, 2006) . These studies have used a variety of methods including scalp electroencephalography and magnetoencephalography, as well as LFPs recorded intracranially in patients undergoing neurosurgical treatments. Although brain oscillations, particularly in the theta band, are prominent both in humans and in animals, it has sometimes proven difficult to link human and animal research findings. The theta oscillation most often studied in humans is in the neocortex and has many distinct local generators (Raghavachari et al., 2006) , whereas the theta oscillation typically studied in animals is in the hippocampus and is primarily driven by one of a small number of sources (Buzsáki, 2002) . To date, no human studies have compared brain oscillations to the timing of neuronal spiking.
Our goal in the present study was to characterize the temporal relationship between single-neuron activity and LFP oscillations in the human brain. Going beyond previous animal work, we sought to characterize this relationship across a wide range of frequencies and across a number of disparate brain regions. To accomplish this, we recorded simultaneous spiking activity and LFPs from intracranial microelectrodes in 20 patients undergoing treatment for drug-resistant epilepsy (see Materials and Methods). In these recordings, we identified a total of 1924 neurons, and compared the activity of each neuron with LFP oscillations recorded at the same microelectrode. During recording, subjects played "Yellow Cab," a virtual taxi driver video game. We selected this task because it induces task-related brain oscillations at a range of frequencies, including the theta band, in cortical and limbic structures (Ekstrom et al., 2005) .
Materials and Methods
We examined data from intracranial microelectrodes in patients undergoing surgical treatment for drug-resistant epilepsy. Electrodes were positioned by clinical teams to isolate the epileptic seizure focus for subsequent potential surgical resection (surgeries performed by I.F.). Microelectrode coverage included hippocampus (377 neurons), parahippocampal region (Witter and Wouterlood, 2002 ) (421 neurons), amygdala (404 neurons), frontal regions (438 neurons), and occasionally temporal and parietal cortices (284 neurons). This study conformed to the guidelines of the Medical Institutional Review Board at University of California, Los Angeles. We examined data from a total of 46 recording sessions from 20 different subjects (individual subjects participated in 1-4 sessions) (for details, see supplemental Table 1 , available at www. jneurosci.org as supplemental material). These recording sessions took place in patients' free time between medical treatments. During each recording session, subjects played "Yellow Cab" (Ekstrom et al., 2005 ) on a bedside laptop computer for 25-60 min. During the game, Ϸ75% of the participants' time was spent actively moving to particular landmarks in the environment. The remainder of the time was spent reading instruction screens and planning routes.
Each patient was implanted with 6 -12 clinical intracranial depth electrodes. Each clinical electrode terminated with a set of nine 40 m platinum-iridium microwires (Fried et al., 1999) . The first eight microwires were insulated except for their tip and were used to record single-unit action potentials and LFPs. The ninth microwire had its insulation stripped for Ϸ1 cm and served as the recording reference for the other eight microwires on that depth probe. We recorded from each microwire at sampling rates of 28 -32 kHz using a Cheetah recording system (Neuralynx, Tucson, AZ). Action potentials were manually isolated using spike shape, clustering of wavelet coefficients, and interspike intervals (Quiroga et al., 2004) . Typically we isolated zero or one distinct neuron from each microwire, but in rare cases we observed up to three distinct neurons from a single microwire.
For analyses of LFP oscillations, we downsampled recordings to 2 kHz and then applied 60 and 120 Hz second-order Butterworth notch filters. To minimize the contribution of low-frequency components of spikes toward spectral calculations, we removed the samples from 2 ms before to 8 ms after each spike and replaced them with a linear interpolation of the underlying LFP signal. Then, we computed oscillatory phase and power of the LFP using Morlet wavelets (wave number, 4) at frequencies between 1 and 100 Hz (2 x/8 Hz for x ⑀ 0, . . . , 53). We considered a neuron phase locked at frequency f if the hypothesis of uniformity for its LFP f hertz phase distribution could be rejected at p Ͻ 0.001 using a Bonferroni-corrected Rayleigh test (Fisher, 1993) . This Bonferroni correction compensated for our application of the Rayleigh test across each of 54 frequencies. In summary statistics, if a neuron fulfilled this phaselocking criterion at multiple frequencies, we considered it phase locked at the frequency at which its phase distribution was most nonuniform according to the Rayleigh statistic.
We studied neuronal spiking activity during different levels of LFP oscillatory power by first calculating the phase and power of the LFP of each phase-locked neuron throughout the entire recording session, at the frequency at which it was phase locked. We then labeled each point of the recording session according to whether the LFP exhibited high, medium, or low power. To perform this labeling, first we removed any potential artifacts caused by movement or electrical noise by discarding the 10% of the recording session corresponding to the lowest fifth percentile and the highest 95th percentile of LFP power throughout the recording session. Then, we labeled the remaining time points into one of three groups (high, medium, or low) according to the instantaneous log-transformed power (at the phase-locked frequency). The boundaries for these groups were equally spaced across log-transformed power values. Finally, separately for the time points in each group, we calculated the instantaneous firing rate of each neuron as a function of oscillatory phase. (The phase was divided into 16 groups equally spaced between 0 and 2.)
Results
We identified 1215 neurons whose spiking was phase locked to LFP oscillations. This phenomenon was prominent in the theta band (4 -8 Hz). Figure 1 A illustrates the behavior of a neuron in the right superior temporal gyrus of subject 2 that was phase locked to 7.3 Hz theta oscillations. This firing rate of the neuron varied by more than twofold according to the instantaneous theta phase: it had a firing rate of 7.9 Hz at its preferred phase (5.7 rad) just before the peak of the oscillation and a firing rate of 3.7 Hz near the trough of the oscillation ( Fig. 1 A, right) . Figure 1 B shows the activity of a neuron from subject 1's right temporal cortex that was phase locked to the trough of 6.2 Hz theta oscillations.
In addition to the theta band, we also identified neurons that exhibited phase-locked spiking to oscillations in the delta-(1-4 Hz), alpha-(10 -16 Hz), beta-(16 -30 Hz), and gamma-(30 -90 Hz) frequency ranges. Thus, human neuronal phase locking is a general phenomenon that is not isolated to a narrow frequency range. For example, Figure 1 , C and D, depicts the activities of neurons in entorhinal and orbitofrontal cortices that were phase locked to oscillations at 3.4 and 3.7 Hz, respectively. Figure 1 , E and F, shows the behavior of hippocampal neurons that were phase locked to gamma oscillations.
An additional pattern we observed was that neurons could be phase locked to oscillations at multiple frequencies. For example, Figure 1 E shows the activity of a neuron from the right posterior hippocampus of subject 4 that was primarily phase locked to 70 Hz gamma oscillations but also exhibited moderate phase locking to delta oscillations. Figure 1 H presents the activity of a neuron from the left amygdala of subject 3 that exhibited significant phase locking to both 9.5 and 1.8 Hz oscillations. Figure 1C describes a neuron from the left entorhinal cortex that was phase locked to oscillations at 3.4 and 12 Hz.
In the rodent hippocampus, the prominent oscillatory pattern is the 4 -8 Hz theta rhythm (Buzsáki, 2002) . However, in our recordings, we found that hippocampal phase locking was more prevalent in the 1-4 Hz range than in the 4 -8 Hz range. For example, Figure 1G depicts the activity of a hippocampal neuron that was phase locked to oscillations at 1.1 Hz. In addition, the hippocampal neurons highlighted in Figure 1 , E and F, also exhibit significant phase locking at 1-4 Hz.
Animal studies have identified neurons that were phase locked to local oscillations in hippocampus (Fox et al., 1986; Skaggs et al., 1996; Csicsvari et al., 2003) and entorhinal (Chrobak and Buzsáki, 1998) , parietal (Pesaran et al., 2002) , and visual cortices (Fries et al., 2001; Lee et al., 2005) : this phenomenon was notably absent from frontal cortex (Siapas et al., 2005) . Because our dataset included recordings from widespread brain regions, we had the opportunity to determine whether the prevalence of phase locking in particular frequency ranges localized to particular brain regions. We found that the prevalence of phase locking significantly varied across brain regions in the delta-[2(4) ϭ 89; p Ͻ 0.001], theta-[2(4) ϭ 78; p Ͻ 0.001], and gamma-[2(4) ϭ 71; p Ͻ 0.001] frequency bands. (For details, see supplemental Table 1 , available at www.jneurosci.org as supplemental material.) Figure 2 A shows that phase locking was especially prevalent at theta frequencies in temporal and parietal cortices [2(1) ϭ 64, p Ͻ 0.001, Bonferroni-corrected] and at delta frequencies in hippocampus [2(1) ϭ 47, p Ͻ 0.001, Bonferroni-corrected]. In hippocampus, significantly more neurons were phase locked to Figure 1 . A, Activity of a neuron from subject 2's right superior temporal gyrus, which was phase locked to the peak of 7.3 Hz theta oscillations. Left, Spike-triggered LFP average. Spike onset occurred at 0 ms. Middle, Z score from Rayleigh test evaluating the hypothesis of a uniform LFP phase distribution at the moment of spike onset. Shifts along the horizontal axis indicate the relation between spiking and phase of time-shifted LFP oscillations. The white ϫ symbol indicates the frequency at which phase locking at 0 ms is most statistically significant. Right, Firing rate as a function of phase at 7.3 Hz (the frequency marked by the ϫ in middle panel). The circular mean resultant vector length R (Fisher, 1993 ) of this 7.3 Hz LFP phase distribution is 0.19. The inset example waveform is a reminder that the phases of the peak and trough of an oscillation are 0 (or 2) radians and radians, respectively. B, Activity of a neuron from subject 1's right temporal gyrus that was phase locked to the trough of 6.2 Hz theta oscillations (R ϭ 0.24). C, Behavior of a neuron from subject 20's left entorhinal cortex, which was primarily phase locked to 3.4 Hz oscillations (R ϭ 0.2), but also exhibited some phase locking to oscillations at 9.5 Hz. D, A neuron from subject 18's right orbitofrontal cortex, which was phase locked to 3.7 Hz oscillations (R ϭ 0.17). E, Behavior of a neuron from subject 4's left posterior hippocampus that was phase locked to the trough of 70 Hz gamma oscillations (R ϭ 0.17). Inset in left panel depicts a zoomed plot of the spike-triggered average of this neuron. F, Behavior of a neuron from subject 12's left anterior hippocampus that exhibited phase-locked spiking near the trough of 49 Hz gamma oscillations (R ϭ 0.2). G, The activity of a neuron from subject 1's left anterior hippocampus, which was phase locked to the peak of 1.1 Hz oscillations (R ϭ 0.1). H, Activity of a neuron from the left amygdala of subject 3 that was phase locked to oscillations primarily at 1.8 Hz (R ϭ 0.11), but also at 9.5 Hz.
delta oscillations than to theta oscillations [2(1) ϭ 51; p Ͻ 0.001]. Note that unlike some recent studies in animals (Siapas et al., 2005) , we report some phase locking to theta oscillations in orbitofrontal cortices (20 of 438 cells) (see also Fig. 1 D) . Figure  2C depicts the strength of phase locking across all phase-locked neurons by plotting the circular mean resultant vector length R , which is a measure of relative increase in firing rate of each neuron at its preferred phase (Fisher, 1993) . The median R across the population of phaselocked neurons is 0.1.
The phase-coding hypothesis predicts that neurons encode information via the oscillatory phase at which they spike (Huxter et al., 2003) . This theory thus predicts that different neurons would spike at varied phases of ongoing oscillations. To test the phase-coding hypothesis in humans, we labeled the preferred phase of each neuron as the oscillatory phase at which its firing rate was highest. (The peak and trough of each oscillation correspond to 0 [or 2] radians and radians, respectively.) Figure 2 B shows the preferred phase of each phase-locked neuron. Neurons that were phase locked to delta or theta oscillations had varied preferred phases (Fig. 2 D; see also Fig. 1 A-D,G,H ) . However, neurons phase locked to gamma oscillations had preferred phases at or just after the trough of the oscillation (Fig. 2 E; see also Fig. 1 E, F ) . These dissimilar preferred-phase patterns ( p Ͻ 0.001, Mardia-Watson-Wheeler test) indicate that neurons phase locked to gamma oscillations behave differently from those phase locked to delta or theta oscillations.
Although recent work indicates that the power of brain oscillations related to mean neuronal firing rates (Logothetis et al., 2001; Mukamel et al., 2005; Niessing et al., 2005) , it is unknown how this phenomenon relates to the activity of phase-locked neurons. To study this relationship, we analyzed the firing rate of each phase-locked neuron during high-, medium-, and lowpower oscillations (see Materials and Methods). We identified a number of neurons that exhibited excitation (i.e., increased firing) at their preferred phase during high-power oscillations, compared with their activity during low oscillatory power ( Fig.  3 A, B) . Some neurons displayed the opposite pattern and were primarily inhibited (i.e., decreased firing) at nonpreferred phases during high-power oscillations (Fig. 3C ). Finally, other neurons responded to high-power oscillations with substantial firing-rate changes at all phases (Fig. 3D) .
This led us to ask whether, across all neurons, phase locking was primarily related to excitation at preferred phases or inhibition at nonpreferred phases. Our analysis showed that neurons exhibited significantly greater firing rates during high-power oscillations than during periods of low oscillatory power (mean increase, 0.7 Hz; p Ͻ 0.001, t test). This effect was especially robust at the preferred phase of high-power oscillations at which the mean firing rate was elevated by 3.8 Hz compared with periods of low oscillatory power ( p Ͻ 0.001, t test). This indicates that the phase-locking phenomenon is primarily related to increased firing during high-power oscillations. This is consistent with the in vitro finding that some neurons act as bandpass filters by spiking in response to experimentally induced electrical oscillations at particular frequencies (Pike et al., 2000) .
Discussion
Our results indicate that the neuronal phase-locking phenomenon is present in various brain regions of humans engaged in cognitive tasks. This phenomenon, in conjunction with the well, studied and diverse relationship between brain oscillations and human and animal learning (Berry and Thompson, 1978; Rizzuto et al., 2003; Jacobs et al., 2006) , indicates that oscillationmodulated temporal coding plays a role in human cognition. Furthermore, our data suggest that gamma oscillations facilitate a different type of information coding compared with delta or theta oscillations. Delta and theta oscillations may facilitate phase-based temporal coding because we found that individual phase-locked neurons had widely varied preferred phases. This is consistent with the observations that different rodent hippocampal neurons were phase locked to varied theta phases (Fox et al., 1986; O'Keefe and Recce, 1993) and that the amplitude of gamma oscillations varies according to the instantaneous theta phase (Mormann et al., 2005) . In contrast to delta and theta oscillations, neurons that phase locked to gamma oscillations consistently had preferred phases near the trough of the oscillation; thus, it seems unlikely that these oscillations facilitate phase cod- (63, 70, 67, 49, and 72%, in hippocampus, parahippocampal region, amygdala, frontal region, and temporal and parietal cortices, respectively) . Each curve is smoothed with a Gaussian kernel. B, Distribution of preferred phases (i.e., the phase in which firing rate was highest) of all 1215 phase-locked neurons. The region of each neuron is indicated using color scheme from A. C, Histogram of the circular mean resultant vector length (R ) (Fisher, 1993) of each phase-locked neuron. D, Preferredphase probability density for all neurons that were phase locked at delta or theta frequencies (1) (2) (3) (4) (5) (6) (7) (8) . Coloring within each curve indicates the preferred-phase distributions of neurons in different regions. E, Preferred-phase probability density for all neurons that were phase locked to gamma oscillations (30 -90 Hz).
ing. This trough-locked spiking is similar to data from animal studies demonstrating that neurons in both neocortex and hippocampus spike at or just after the trough of gamma oscillations (Eeckman and Freeman, 1990; Csicsvari et al., 2003) . In these systems, it is believed that information is encoded by the combination of neurons that spike at least once in each oscillation cycle, rather than the phase of each spike. Thus, our findings are consistent with the idea that human neuronal networks oscillating at gamma frequencies encode information by the combination of active neurons in each 10 -50 ms oscillation cycle (Harris et al., 2003; Fries, 2005) .
One important difference between our human results and animal electrophysiological literature is our observation of prominent hippocampal oscillations at 1-4 Hz (see Figs. 1 E-G, 2A) rather than the 4 -8 Hz theta oscillation prominent in rodent hippocampus (Buzsáki, 2002) . Although this human hippocampal oscillation falls into the delta range (1-4 Hz), it shares several characteristics with the 4 -8 Hz rodent theta oscillation. For example, we found that individual hippocampal neurons were phase locked to widespread phases of this 1-4 Hz oscillation (Fig.  2 D) and that some hippocampal neurons simultaneously phase locked both to these 1-4 Hz oscillations and to gamma oscillations ( Fig. 1 E, F ). Analogous trends have been observed with rodent hippocampal theta (Fox et al., 1986; Bragin et al., 1995) . An additional link between these two oscillatory patterns comes from Bó dizs et al. (2001) , who report that during rapid-eyemovement sleep, the human hippocampus exhibits robust 1.5-3 Hz delta-band oscillations, whereas animals in this state display 4 -8 Hz theta oscillations. Based on this evidence, we suggest that the frequency range of human hippocampal theta may extend to Ϸ1 Hz.
The existence of neuronal phase locking helps to interpret behavior-related changes in brain recordings. For example, after humans view visual stimuli, theta oscillations reset to particular phases in response to task demands (Rizzuto et al., 2003) . This phase reset simultaneously occurs throughout multiple brain regions; thus, it may cause phase-locked neurons throughout the brain to spike in precise temporal patterns. Thus, our findings suggest that oscillatory phase resetting temporally synchronizes phase-locked neurons in widespread brain regions. This is consistent with reports of behavior-related changes in the coherence of oscillations in different brain regions (Jones and Wilson, 2005; Hyman et al., 2005) . These patterns of inter-region oscillatory synchrony may be elaborate because our findings suggest that neuronal phase locking spans a broad range of frequencies ( Fig.  2 A) , and that some brain regions exhibit oscillations at multiple frequencies (Fig. 1C, E, F,H ) (Chrobak and Buzsáki, 1998) . Finally, recent imaging studies showed that hemodynamic activity closely relates to both power of gamma oscillations and mean neuronal firing rates (Logothetis et al., 2001; Mukamel et al., 2005; Niessing et al., 2005) . Our findings substantially add to these results by indicating that during high-power gamma oscillations, neuronal activity is phase locked to these oscillations. Thus, we suggest that reports of increased hemodynamic activity, in regions in which they are correlated with the amplitude of gamma oscillations, should be interpreted both in terms of increased neuronal firing and increased neuronal gamma-band synchrony. A, Activity of a neuron from subject 5's left parietal cortex that exhibited maximal phase locking at 4.4 Hz. Red, purple, and blue lines indicate firing rates during high, medium, and low oscillatory power, respectively (for details, see Materials and Methods). The shaded area indicates 95% confidence intervals based on the binomial distribution. B, Activity of a neuron from subject 12's left anterior hippocampus (same neuron as Fig. 1 F) that was phase locked to LFP oscillations at 49 Hz. C, Activity of a neuron from subject 1's right superior temporal gyrus (same neuron as Fig. 1 A) . D, Activity of a neuron from subject 18's left anterior hippocampus.
